PURPOSE. Cultured human corneal limbal stem/progenitor cells are usually established and maintained on feeder layers. However, animal feeder cells are associated with viral infection, pathogen transmission, and xenogenic contamination. All feeder cells also can be mixed easily into cell-sheet production, causing self-contamination. We developed a line of labeled, immortalized, eliminable human dermal fibroblast cells to eliminate these problems.
B
oth limbal stem/progenitor cells and oral epithelial cells have been used successfully in ocular surface regeneration medicine to treat severe ocular surface disorders. [1] [2] [3] [4] However, the murine 3T3 fibroblast feeder cells used in the technique can transmit murine diseases to patients. Recent reports have indicated that human embryonic stem cell lines cultured on murine feeder cells express the murine xenoantigen Neu5Gc and can induce immune reactions in humans. 5, 6 Therefore, it is necessary to find an effective and safe human-derived feeder cell to substitute for the murine 3T3 cells.
Several recent studies have reported that a promising alternative to murine 3T3 cells might be human dermal fibroblasts used as a feeder layer to coculture with limbal and oral epithelial cells, which have the ability to maintain the growth and stem cell characteristics of corneal and oral epithelium. 7, 8 However, the finite proliferative lifespan of normal human cells cultured in vitro could prevent clinical application of dermal fibroblast feeder cells because of increasing workload and costs. Moreover, all kinds of feeder cells can mix easily into cell-sheet production, causing selfcontamination.
We have previously 9 developed a new culture technique of eliminable, feeder-assisted target cell-sheet production and reported the efficacy of the genetically modified human-derived feeder cell line with the properties of immortalization, labeling, and elimination. In the current study, our goal was to develop a genetically modified human dermal fibroblast feeder cell line with immortalization, labeling, and elimination characteristics. We compared the characteristics of the epithelial colonies and sheets that were cocultured with genetically modified dermal fibroblast cells and 3T3 fibroblast cells. We found that genetically modified dermal fibroblast cells maintained the ability to support limbal stem/progenitor cell growth and differentiation and prevented feeder cell self-contamination. The genetically modified, labeled, immortalized, eliminable human dermal feeder cell is a promising alternative for 3T3 feeder cells in the clinical application of xenogeny-free ocular surface regeneration.
METHODS

Development of Genetically Modified Dermal Fibroblast Feeder Cells
As previously described, 9 lentiviral vectors were constructed by using Gateway Technology (Invitrogen, Gaithersburg, MD). Replication-defective, self-inactivating lentiviral vectors with a phosphoglycerate kinase (PGK) promoter-neomycin resistance gene (pLentiNeo) or a PGK promoter-puromycin resistance gene (pLentiPuro) were prepared as destination vectors. The human-derived telomerase reverse transcriptase gene (TERT) and an internal ribosome entry site (IRES), enhanced green fluorescent protein gene (EGFP), were cloned into a pENTR1A vector (Invitrogen), resulting in pENTR-TERT-IRES-EGFP. The herpes simplex virus thymidine kinase gene (HSV-TK) was cloned into the pENTR1A vector, resulting in pENTR-TK. LR recombination reactions were performed with the entry vectors (pENTR-TERT-IRES-EGFP or pENTR-TK) and the destination vectors (pLentiNeo or pLentiPuro) to create lentiviral expression vectors pLenti-TERT-IRES-EGFP-Neo and pLenti-TK-Puro. The lentivirus was produced by cotransfecting 293T cells with the lentiviral expression vector Plp/VSVG (encoding the Varicella-Zoster virus (VZV)-G envelope protein) and the packaging constructs pLP1 and pLP2 (Invitrogen). Concentrated lentivirus was used to infect human dermal fibroblast cells.
TERTþEGFPþTK-transduced dermal fibroblast cells were produced in 2 steps (Fig. 1) . First, normal human dermal fibroblasts (KF-4009) (Kurabo, Osaka, Japan) were used for infection with lentivirus pLenti-TERT-IRES-EGFP-Neo and selected by 800 lg/mL G418 (Invitrogen) to produce TERTþEGFP-transduced dermal fibroblast cells. The TERTþEGFP-transduced dermal fibroblast cells then were used for infection with lentivirus pLenti-TK-Puro and selected by 1 lg/mL puromycin (Sigma, St. Louis, MO) to produce TERTþEGFPþTK-transduced dermal fibroblast cells (TERTþTK-D). Developed TERTþTK-D cells were maintained in Fibrolife S2 cell culture medium (Lifeline Cell Technology, Walkersville, MD) supplemented with 1% penicillin-streptomycin (Invitrogen).
Ganciclovir Cytotoxicity
To evaluate the cytotoxicity of ganciclovir (GCV) (Invitrogen, San Diego, CA), TERTþTK-D cells were plated in 96-well plates at a density of 5000 cells/well. After 24 hours, the cells were treated with GCV at increasing concentrations (0, 5, 25, and 125 lg/mL) and incubated at 378C in 5% CO 2 for 1 to 6 days. Cellular viability was measured by using the Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) every 24 hours according to the manufacturer's protocol. Background referred to the absorbance of medium alone. Control referred to the absorbance in cells not treated with GCV. The cytotoxic effect was indicated as the percentage of surviving cells.
Preparation of Feeder Layers
TERTþTK-D cells and 3T3 cells were inactivated mitotically by incubation with 8 lg/mL mitomycin C (MMC) (Kyowa Hakko, Tokyo, Japan) for 2 hours at 378C. The cells were washed thoroughly and reseeded in 6-well plates or type I collagen gel (Collagen Gel Culturing Kit; Nitta Gelatin, Osaka, Japan)-coated Transwell inserts (Corning, Cambridge, MA) at 0. 
Isolation of Limbal Epithelial Cells
Research corneas were obtained from the Northwest Lions Eye Bank (Seattle, WA). The endothelial cells were removed from the remaining corneal scleral rims after keratoplasty and then incubated with 2.4 U/mL Dispase solution (BD Biosciences, Bedford, MA) for 1 hour at 378C and treated with 0.02% ethylenediaminetetraacetic acid (EDTA) solution (Nacalai Tesque, Kyoto, Japan) for 2 minutes at room temperature. The epithelial cells including the limbal zones were scraped with sterile surgical forceps. The collected cells were incubated with 0.25% trypsin-EDTA (Invitrogen, Grand Island, NY) for 15 minutes at 378C. Obtained epithelial cells were suspended in keratinocyte culture medium (KCM) composed of Dulbecco's modified eagle medium and Ham's F12 medium (DMEM/F12, 3:1), 5% fetal bovine serum (FBS) (Invitrogen), 1 nM cholera toxin (Calbiochem, La Jolla, CA), 2 nM triiodothyronine (Takeda, Osaka, Japan), 0.4 lg/mL hydrocortisone (Kowa, Tokyo, Japan), 1% insulin-transferrin-selenium supplement (Invitrogen), 100 U/mL penicillin, and 100 lg/mL streptomycin (Invitrogen). Collected epithelial cells were used for a colony-forming assay or limbal epithelial cell-sheet regeneration. Our research adhered to the tenets of the Declaration of Helsinki.
Colony-Forming Assay
Primary limbal epithelial cells were seeded at a density of 1000 cells/well in 6-well plates on MMC-treated TERTþTK-D or 3T3 feeder layers and incubated for 10 to 13 days as previously described. The colonies were fixed with 10% neutral buffered formalin and stained with 1% rhodamine B (Wako, Osaka, Japan). The colony-forming efficiency (CFE) was calculated as the percentage of colonies (or colony with a diameter > 2 mm) that formed divided by the total number of viable cells seeded.
Preparation of Limbal Epithelial Cell Sheets
Primary limbal epithelial cells were inoculated on the feeder cells containing a collagen gel-coated Transwell insert at 1 to 2310 5 cells/insert. The cells were submerged in a KCM culture for 12 days and then exposed to 25 lg/mL GCV KCM medium as air-lifting culture for 6 to 8 days to promote epithelial stratification. For the GCV-untreated TERTþTK-D feeder cell group, epithelial cell sheets were continuously maintained in KCM medium for air-lifting culture. The medium was changed every 2 days.
Reverse Transcription-PCR and Quantitative PCR
Total RNA was extracted by using RNeasy Mini Kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. Complementary DNAs (cDNAs) were synthesized from total RNA by using the first Strand cDNA Synthesis System (Origene, Rockville, MD) for PCR and quantitative PCR. The PCR procedure was as follows: initial denaturation of 948C for 5 minutes, denaturation at 948C for 30 seconds, extension of 608C for 30 seconds, 728C for 30 seconds, and a final extension of 10 minutes at 728C for a total of 35 cycles. Polymerase chain reaction products were run on a 2% agarose gel and scanned by using an ultraviolet gel doc. The specific primers for PCR are listed in the Table. The expressions of various genes were normalized by using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. Quantitative PCR was carried out by using Taqman probes and the Applied Biosystems 7900 HT sequence detection system instrument (Applied Biosystems, Foster City, CA). The primers for DNp63 (Hs00978339_m1), keratin 3 (K3) gene (Hs00365080_m1), and GAPDH (Hs99999905_m1) were obtained from Applied Biosystems. The cycling conditions were 10 seconds at 958C followed by 45 two-step cycles (15 seconds at 958C and 1 minute at 608C). The quantification data were analyzed by using the Sequence Detection System software (Applied Biosystems) with GAPDH as an internal control. The final results are expressed as the average value of 3 experiments.
PCR Analysis of Feeder Cell Contamination
Portions of the GCV-treated and GCV-untreated TERTþTK-D feeder cell-cocultured epithelial sheets were harvested. Genome DNAs were extracted with QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions. The long terminal repeat (LTR) sequence, which is specific to the lentivirus vector, was integrated into the TERTþTK-D feeder cells. The following primers were used to target the LTR sequence: forward primer, 5 0 -AAGGGCTAATTCACTCCCAA-3 0 , and reverse primer, 5 0 -TGCGTCGAGAGAGCTCTGGTTT-3 0 , with the GAPDH sequence as an internal control. The PCR reaction was performed as previously described.
Histology and Immunofluorescence Staining
Harvested cell sheets were embedded in Tissue-Tek OCT compound (Sakura Finechemical Co., Tokyo, Japan) for hematoxylin-eosin and immunofluorescence staining. Hematoxylin-eosin staining was performed according to standard protocols for histologic examination. For immunofluorescence staining, sections and cells were fixed in 4% paraformaldehyde at 48C for 30 minutes followed by blocking in 4% nonfat milk and 0.3% Triton X-100 in phosphate-buffered saline (PBS) for 1 hour at room temperature. The samples then were incubated overnight at 48C with the following primary antibodies: anti-K3 (AE5) (1:100; Progen Biotechnik, Heidelberg, Germany), antikeratin12 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), and anti-P63 (4A4) (1:100; Santa Cruz Biotechnology). After 
Statistics
Statistical analysis was performed by using SPSS 16.0 software (SPSS, Inc., Chicago, IL). Data were analyzed by using an independent samples t-test; P < 0.05 was considered statistically significant.
RESULTS
Gene Expression Pattern of Human Dermal Fibroblasts
The gene expression pattern of dermal fibroblasts was similar to that of the corneal stromal fibroblasts (Fig. 2) . They both expressed cytokine hepatocyte growth factor (HGF), keratino- cyte growth factor (KGF), epiregulin (EPR), brain-derived neurotrophic factor (BDNF), fibroblast growth factor 2 (bFGF), and adhesion molecule N-cadherin (N-cad).
Characteristics of TERTþTK-D Feeder Cells
After transducing the human-derived TERT gene, the EGFP gene, and the HSV-TK gene, the TERTþTK-D cells were developed. To test the immortalization ability of TERTþTK-D cells, genetically modified cells were continuously passaged for 6 months (>50 generations). After multiple passages, the cells still exhibited a fibroblast-like morphology like primary human dermal fibroblast cells (Fig. 3A) , expressed green fluorescence under ultraviolet illumination (Fig. 3B) , and were sensitive to GCV (Fig. 3C) . Reverse transcription-PCR revealed expression of the TK gene and lentivirus vector special LTR sequence in TERTþTK-D cells but not in normal human dermal fibroblast cells (Fig. 3D) . TERTþTK-D cells passaged over the long term, exceeding the normal lifespan, showed a vigorous ability to divide (Fig. 3E) . A GCV cytotoxicity assay showed that the drug killed the TERTþTK-D cells in a dose-dependent manner. In the 25 lg/mL-GCV group, almost all cells were positive for apoptosis in 6 days (Fig. 3F) . The TERTþTK-D group shows more colony formation and typical epithelial cell morphology, compared with the 3T3 cell group at the same density and 2 3 10 4 cells/cm 2 3T3 cell group. (C) CFE analysis shows that the TERTþTK-D group forms more large colonies (diameter > 2 mm) and has a CFE similar to that of the 2 3 10 4 cells/cm 2 3T3 cell group. Scale bar: 200 lm. *P < 0.05.
Colony-Forming Assay and Characterization
To compare the ability of TERTþTK-D and 3T3 cells to support colony formation, 3T3 feeder cells were divided into 2 groups at a density of 2 3 10 4 cells/cm 2 (gold standard density) and 0.5 3 10 4 cells/cm 2 . At 10 to 13 days, the primary limbal stem/ progenitor cells formed typical cell colonies in all groups (Figs.  4A, 4B) . The TERTþTK-D group (CFE, 11.77 6 0.21%) formed more colonies and typical epithelial cell morphology, in comparison with the 3T3 cell group with the same density (CFE, 5.7 6 0.89%) (P < 0.001), and the same as the 2 3 10 4 cells/cm 2 3T3 cell group (CFE, 12.8 6 1.61%) (P ¼ 0.332).
More large colonies (diameter > 2 mm) formed in the TERTþTK-D group (diameter ‡ 2 mm; CFE, 3.37 6 0.35%) than in the 0.5 3 10 4 cells/cm 2 3T3 cell group (diameter ‡ 2 mm; CFE, 1.3 6 0.26%) (P ¼ 0.01) and in the 2 3 10 4 cells/cm 2 3T3 cell group (diameter ‡ 2 mm, CFE, 2.07 6 0.06%) (P ¼ 0.03) (Fig. 4C) .
On the ninth day of culture, the limbal epithelial cell colonies were fixed and stained for immunofluorescence with corneal epithelium differentiation marker K3 and putative limbal stem/progenitor cell marker DNp63. Colonies were selected for measurement of the transcript levels of K3 and DNp63 by using quantitative real-time PCR analysis. The epithelial cells in both groups were positive for expression of K3 and DNp63 marker (Figs. 5A , 5B), while limbal epithelial cells in the TERTþTK-D group had less positive staining of K3 than the 3T3 group. Real-time PCR (Fig. 5C ) confirmed that expression of K3 in the epithelial cells in the TERTþTK-D group was significantly lower (P ¼ 0.01) than in the cells in the 3T3 group. However, no significant difference in DNp63 expression (P ¼ 0.982) was detected.
PCR Analysis of Feeder Cell Contamination
The flow chart shows the procedures for harvesting GCVtreated and GCV-untreated TERTþTK-D feeder cell-cocultured epithelial cell sheets (Fig. 6) . Limbal epithelial cells cocultured with TERTþTK-D feeder layers were submerged in a KCM culture for 12 days and then submitted to a process referred to as air-lifting for 6 to 8 days to promote epithelial stratification. The epithelial cell sheets of the GCV-treated TERTþTK-D group were treated with 25 lg/mL GCV during the final 6 to 8 days to eliminate the feeder cells, while the epithelial cell sheets of the GCV-untreated TERTþTK-D feeder cell group were continuously maintained in KCM medium for air-lifting culture. Genome DNAs were extracted from GCV-treated and GCVuntreated TERTþTK-D feeder cell-cocultured epithelial cell sheets. Polymerase chain reaction analysis was performed to detect the LTR sequence, which is specific to the lentiviral vector and was integrated into the lentivirus-infected cells. Both cell sheets were positive for expression of the internal FIGURE 6 . A flow chart of the procedures for harvesting GCV-treated and GCV-untreated TERTþTK-D feeder cell-cocultured epithelial cell sheets. Primary limbal epithelial cells are inoculated on TERTþTK-D feeder cells containing a collagen gel-coated Transwell insert. The cells are submerged in a culture of 5% FBS-KCM for 12 days and then undergo the process of air-lifting for 6 days to promote epithelial stratification. For the GCV-treated group, 25 lg/mL of GCV is added to the medium during the last 6 to 8 days to kill the TERTþTK-D feeder cells. The harvested epithelium sheet after eliminating feeder cell layer can be easily peeled by using surgical forceps for transplantation or immunohistochemistry assay.
control GAPDH gene, but the LTR sequence was detected only in the GCV-untreated epithelial cell sheets. In the GCV-treated epithelial cell sheets, the lentiviral vector special sequence LTR was not detected (Fig. 7) .
Characterization of Cultured Limbal Epithelial Cell Sheets
Limbal stem/progenitor cells were cocultured with TERTþTK-D or 3T3 feeder cells to form epithelial cell sheets. The cells were submerged in a culture in KCM for 12 days and then underwent air-lifting in 25 lg/mL GCV KCM medium for 6 to 8 days to promote epithelial stratification. After 2 to 3 weeks' culture, both groups formed 4 to 5 layers of epithelial cell sheets (Fig. 8A) . Limbal epithelial cells and 3T3 feeder cells grew well under 25 lg/mL GCV condition, which is a safety concentration for normal cells, whereas TERTþTK-D feeder cells in the TERTþTK-D group diminished in 6 days by ganciclovir treatment. Immunofluorescence analyses showed that the cell sheets in both groups expressed corneal epithelial cell differentiation marker K3 10 (Fig. 8B) , putative corneal epithelial stem cell marker DNp63 11 (Fig. 8C) , and corneal epithelium specific marker K12 12 (Fig. 8D) . Compared with the 3T3 group, the epithelial cell sheets in the TERTþTK-D group had lower expression of K3 and higher expression of DNp63 in the basal and wing cells. No difference in K12 staining was detected.
DISCUSSION
Our results confirmed that genetically modified, immortalized, visualized, eliminable human dermal fibroblast feeder cells maintained the ability to support limbal stem/progenitor cell growth and differentiation and prevented feeder cell selfcontamination.
To avoid the use of animal-derived feeder cells, humanderived feeder cells, such as mesenchymal stem cells, 13, 14 corneal stromal fibroblasts, 15, 16 and dermal fibroblasts 7 have been studied widely as substitutes for 3T3 fibroblasts. Oie et al. 7 report that dermal fibroblasts have been used successfully in oral mucosal epithelial cell-sheet culture for ocular surface reconstruction. Sharma et al. 8 have compared human dermal fibroblasts and mesenchymal stem cells, with 3T3 fibroblasts, as feeder layers for the vivo expansion of human limbal and oral epithelium. The investigators have found that dermal fibroblasts are comparable to 3T3 fibroblasts and superior to mesenchymal stem cells in the cultivation of epithelium. In the current study, we found that the gene expression pattern of dermal fibroblasts was similar to that of corneal stromal fibroblasts. Dermal fibroblasts expressed many genes required for maintenance and proliferation of limbal epithelial cells like corneal stromal fibroblast cells, 17 that is, HGF, 18 KGF, 18 EPR, 19 BDNF, 20 bFGF, 21 and N-cad. 22 In a preliminary experiment, we also compared human dermal fibroblasts with corneal stromal fibroblasts and found that the CFE of the limbal stem/ progenitor cells cocultured on dermal fibroblasts was signifi- cantly higher than on corneal stromal fibroblasts (data not shown). Therefore, human dermal fibroblasts could be a promising alternative to 3T3 fibroblasts.
To use human dermal fibroblasts as feeder cells, the hTERT gene 23 was transduced into cells to prevent replicative senescence. In the current study, immortalized dermal fibroblast cells were maintained for more than 6 months (over 50 generations in in vitro culture). After extended continuous passaging, the cells still showed a vigorous ability to divide, visible under ultraviolet illumination, and were killed by GCV. Immortalization treatment greatly facilitates cellular storage and access, reducing the cost of primary culture and decreasing the risk of repeats using lentivirus. The TK gene 24 also was transduced into the hTERT and EGFP-transduced dermal fibroblast cells to eliminate unknown infections and contamination from xenogeneic feeder cells. In the current study, GCVtreated epithelial sheets, when cocultured with TERTþTK-D feeder cells, were uncontaminated by feeder cells, compared with GCV-untreated epithelial sheets, which were cultured under the same conditions by detecting the LTR sequence. The eliminable feeder cells are convenient for use whether they are mixed or in a contact culture system when feeder cells are needed. Moreover, the eliminable character of feeder cells also reduced the unknown risks induced by the transduced exogenous genes and increased the safety of using genetically modified cells.
Sharma et al. 8 have compared normal human dermal fibroblasts with 3T3 feeder cells for the expansion of limbal epithelial cells. They found that colony-forming efficiency and stem cell marker expression of limbal epithelial cells on dermal fibroblasts are comparable to cells grown on 3T3 feeder cells. Our experiment showed that TERT, EGFP, and TK-transduced dermal fibroblast cells maintained the fibroblast morphology and vigorous dividing ability of the early-generation normal dermal fibroblast cells. The gene-modified dermal fibroblasts also maintained the same ability of supporting limbal epithelial cell growth as nonmodified dermal fibroblast cells. The epithelial cell sheets stratified into 4 to 5 layers on both the TERTþTK-D and 3T3 feeder layers. The CFE of the limbal stem/ progenitor cells in the TERTþTK-D group was similar to that of the standard-density 3T3 group as reported previously. 8 Interestingly, the TERTþTK-D group formed more large colonies (diameter ‡ 2 mm) than the standard-density 3T3 group, and the CFE was higher than that of the same-density 3T3 group. Moreover, immunohistochemistry and real-time PCR analyses found that the TERTþTK-D group had lower expression of the corneal epithelium differentiation marker K3, compared with the 3T3 group, and the TERTþTK-D feeder cells better maintained the undifferentiated state of the epithelium.
Bullock et al. 25 have recently reported using human dermal fibroblasts to develop xenobiotic-free human skin keratinocytes. Rodriguez-Piza et al. 26 have successfully derived primary cultures of human dermal fibroblasts under xeno-free conditions and showed that they can be used as both the cell source for induced pluripotent stem cell generation and as autologous feeder cells to support their growth. In the current study, we focused only on the development, characterization, and feeder effect of the genetically modified dermal fibroblasts. The current results suggest that genetically modified dermal fibroblasts maintain the feeder effect and become more convenient, economical, and safer. Future research should be performed under xeno-free conditions by substituting commonly used ingredients with products of human origin, such as human serum instead of FBS. 27 Meanwhile, the use of genetically modified dermal fibroblasts should be investigated widely in other regenerative treatments, for example, in coculture with oral epithelial cells or keratinocytes.
In summary, we developed genetically modified, labeled, immortalized, and eliminable human dermal fibroblast feeder cells and confirmed that their use is effective and safe. These findings suggest that genetically modified feeder cells could be a promising alternative feeder for human regeneration medicine.
